Quantum dots (QDs) have a promising prospect in live-cell imaging and sensing because of unique fluorescence features. QDs aroused significant interest in the bio-imaging field through integrating the fluorescence properties of QDs and the delivery function of biomaterial. The natural tropism of Canine Parvovirus (CPV) to the transferrin receptor can target specific cells to increase the targeting ability of QDs in cell imaging. CPV virus-like particles (VLPs) from the expression of the CPV-VP2 capsid protein in a prokaryotic expression system were examined to encapsulate the QDs and deliver to cells with an expressed transferrin receptor. CPV-VLPs were used to encapsulate QDs that were modified using 3-mercaptopropionic acid. Gel electrophoresis, fluorescence spectrum, particle size, and transmission electron microscopy verified the conformation of a complex, in which QDs were encapsulated in CPV-VLPs (CPV-VLPs-QDs). When incubated with different cell lines, CPV-VLPsQDs significantly reduced the cytotoxicity of QDs and selectively labeled the cells with highlevel transferrin receptors. Cell-targeted labeling was achieved by utilizing the specific binding between the CPV capsid protein VP2 of VLPs and cellular receptors. CPV-VLPs-QDs, which can mimic the native CPV infection, can recognize and attach to the transferrin receptors on cellular membrane. Therefore, CPV-VLPs can be used as carriers to facilitate the targeted delivery of encapsulated nanomaterials into cells via receptor-mediated pathways. This study confirmed that CPV-VLPs can significantly promote the biocompatibility of nanomaterials and could expand the application of CPV-VLPs in biological medicine.
Introduction
Bio-imaging is an indispensable technology in life science [1] . Fluorescence indicators with excellent physicochemical properties, such as remarkable brightness and photostability, further expand the scope of biological applications [2] . Inorganic fluorescent nanomaterials, such as quantum dots (QDs), have unique advantages over organic fluorophores, including long-term visualization, size-tunable light emission, improved signal brightness, resistance against photobleaching, and simultaneous excitation of multiple fluorescence colors [3] [4] [5] . In general, QDs are nanoparticles with diameters of 1-100 nm that are synthesized using inorganic elements, such as Cd, Se, Te, P, Zn, and S. The core of QDs is usually composed of CdSe, CdTe, InP, or InAs; and the shell is ZnS [6] . The optical characteristics of a QDs in biomarker imaging are as follows: wide absorption band; narrow emission band; different diameters have different emission wavelengths and do not overlap; good photostability; and the fluorescent intensity is higher than that of organic dye under the same excitation light intensity [7] [8] [9] [10] . However, QDs have poor biocompatibility and low water solubility; in addition, toxic cadmium ions could be released and degraded in vivo [11] [12] [13] . These disadvantages restrict the application of QDs in living organisms.
Many recent progresses have been conducted to enhance the stability and biocompatibility of QDs [14] . The most common methods are surface functionalization strategies through the linkage of hydrophilic molecules on the surface of QDs or encapsulation of QDs in water-soluble materials [15] [16] [17] . Commonly used hydrophilic molecules include amphiphilic polymers, amphiphilic lipid molecules, and hydrophilic groups (e.g., alcoholic, sulfhydryl, and carboxyl groups) [18] [19] [20] [21] . Water solubility and stability of QDs are increased, and bio-toxicity is reduced through the covalent modification of QDs surfaces [22] . However, temperature, pH value, concentration, and reaction time can greatly affect the repeatability of QDs surface modifications [23] . Meanwhile, targeting delivery of QDs to specific tissues or cells is desirable in image and disease diagnoses. To achieve this goal, QDs are commonly coupled to the surface of a carrier via chemical bonds, and the carrier specifically recognizes some cell surface receptors [24] . Usually, recognizable molecules, such as DNA oligonucleotides [25] , RNA [26] , peptide [27] , antibody [28, 29] , receptor ligand [30] , and α v β 3 integrin receptor-targeted Arg-GlyAsp (RGD) polypeptide [31] , are introduced on the surface of carriers via chemical conjugation. However, these methods usually are needed to introduce additional targeting groups on the surface of QDs or the carriers. In addition, QDs on the surface of carriers may affect the attachment and entrance into cells of the carrier [32] [33] [34] .
As a new nano-sized biomaterial, virus-like particles (VLPs) are considered potential biological carriers because of their high similarity in conformation and properties with natural viruses. VLPs contain protein sequences that are related to the binding between virus and cell surface receptors [35, 36] . Thus, VLPs can mimic native virus attachment and entrance to cells, which is favorable for delivery exogenous molecules into specific cells [37] [38] [39] [40] . So far, many studies have used VLPs to carry different molecules. For example, murine polyomavirus [41] , human papillomavirus [42] , hepatitis virus [43] , cowpea chlorotic mottle virus [44] , simian virus 40 [45] , simian vacuolating virus 40 [46] , and bacteriophage P22 VLPs [47] had been used to encapsulate magnetic Fe 2 O 3 nanoparticles, plasmid DNA, and even heterogenous proteins. Research has shown that VLPs from different viruses can improve encapsulated nanomaterials biocompatible. Thus, VLPs are considered a promising nanocapsule for diverse nanomaterials.
In our previous experiment, CPV-VLPs were expressed and assembled in an Escherichia coli expression system [48] . CPV-VLPs have highly similar morphological structure as that of natural viruses and have almost identical immunologic features with those of natural CPV. Thus, CPV-VLPs can simulate natural virions, and can be specifically absorbed by transferrin receptor-positive cells which native CPV is sensitive. Thus, CPV-VLPs can be used as a transferrin receptor-mediated delivery vehicle [37] . Although previous reports showed that CPV-VLPs obtained by eukaryotic expression systems could be modified and used as a targeted delivery system, no study has demonstrated that CPV-VLPs expressed and assembled in bacterial cells remain the characteristics of a targeting delivery system. In this study, QDs was modified using mercaptopropionic acid (MPA) and encapsulated using CPV-VLPs. QDs is then used in cell labeling experiment to verify that CPV-VLPs as a carrier of QDs can promote biocompatibility and targeting ability for carrying exogenous substances (Fig 1) . Our results indicated that CPV-VLPs reduced the toxicity of QDs and enabled to label cells by specific receptor. Therefore, CPV-VLPs have the potential application in biological medicine.
Materials and Methods

Cells and Chemical reagents
F81, Hela, and BHK-21 cells, which were purchased from China Center for Type Culture Collection (Wuhan, China), were cultured in minimum essential media containing 10% (v/v) fetal bovine serum and 1% (w/v) penicillin-streptomycin at 37°C and 5% CO 2 .
3-MPA was purchased from Sigma-Aldrich. QDs (shell/core ZnS/CdSe) were a production of Wuhan Jiayuan Quantum Dot Co. LTD (China). 1-Ethyl-3-(3-dimethlyaminopropyl) carbodiimide hydrochloride, N-hydroxysuccinimide were purchased from Sigma-Aldrich. Fluorescein Isothiocyanate (FITC)-labeled goat anti-mouse IgG was purchased from SigmaAldrich.
Expression and assembly of CPV-VLPs
The methods for expressing and self-assembling of CPV-VLPs were elaborated in previous literature [48] . In brief, CPV VP2 gene was subcloned to pSMK vector, which contained a small ubiquitin-like modifier protein (SUMO) and a 6×His tag in the N-terminal fragment of VP2 gene. The plasmid vector was then transformed into E. coli and induced to express the soluble protein His-SUMO-VP2. Then, fusion protein His-SUMO-VP2 was digested using specific SUMO protease to delete the His-Sumo tag in a dialysis bag. The supernatant containing VP2 protein was collected and assembled overnight at 4°C in a buffer (40 mM Tris-HCl, 500 mM NaCl, 1 mM CaCl 2 , pH 7.0). The CPV-VLPs were then characterized using transmission electron microscopy (TEM) and dynamic light scattering (DLS).
Modification of QDs by MPA
Water-soluble QDs were prepared as follows: 2 mL of QDs dissolved in n-hexane (initial concentration 8 mmol/mL) was precipitated with 6 mL of ethyl alcohol and centrifuged at 6000 rpm at room temperature for 5 min. The supernatant was discarded, and the sediment was dissolved in 2 mL of chloroform and 1 mL of 3-MPA. The mixture was gently stirred overnight at 4°C, and then was centrifuged at 6000 rpm at room temperature for 5 min. The supernatant was discarded, and the precipitate was rinsed with deionized water and suspended in 2 mL of deionized water. The concentration of water-soluble QDs of a concentration was calculated according to the standard curve.
Encapsulating MPA-modified QDs by CPV-VLPs
Water-soluble QDs were dispersed using an ultrasound device (Elmasonic E60H) and added into CPV VLPs solution (the concentration is adjusted to about 1 mg/mL) according to different concentration ratios (500:100, 500:200, 500:250, 500:500 v/v). The unencapsulated QDs were removed as followed: The different mixtures were transferred into a 10 kDa dialysis bag, placed in buffer (40 mM Tris-HCl, 150 mM NaCl, 1 mM CaCl 2 , pH 7.4), and mildly stirred overnight at 4°C. Then, the solution in dialysis bag was collected and centrifuged at 12,000rpm, 4°C for 15 min to spin down the CPV-VLPs-QDs. The supernatant in which free QDs existed was discard. The particle size was measured using DLS (Malvern Zeta sizer-Nano ZS90), and the fluorescent absorbance of QDs solution before and after the assembly was detected to calculate the encapsulation rate (EE).
Determination of release rate of QDs encapsulated in CPV-VLPs
The CPV-VLPs-QDs were transferred into the dialysis bag with 10 kDa molecular weight cutoff, and the bag was then placed in a 500 mL of the PBS buffer (pH 7.0 and 8.0). This system was stirred gently for 72 hours at 4°C. Then, the solution in dialysis bag was collected at 6, 12, 24, 36, 48, and 72 hours, and centrifuged at 12,000rpm, 4°C for 15 min to spin down the CPV-VLPs-QDs. The QDs concentrations in the supernatant were determined by using UVvis and calculated by following formula. The concentration of QDs in the buffer was detected using UV absorbance at 495 nm.
Released QDs ¼ Total concentration of QDs À The concentration of QDs in the supernatant Total concentration of QDs Â 100%
MTT assay
The cytotoxicity of the CPV-VLPs-QDs and QDs was evaluated using 3-(4, 5-dimethylthiazolz-yl)-2, 5-diphenyltetrazolium bromide (MTS) assay (Promega). Briefly, F81, Hela, and BHK-21 cells were inoculated in a 96-well plate with 5×10 3 cells in each well. After 24 hours of normal culture, the cells were treated with CPV-VLPs-QDs and water-soluble QDs (the concentration of QDs in the CPV-VLPs-QDs was consistent with that of water-soluble QDs). After 24 hours of treatment, approximately 20 μL of MTS solution (0.5 mg/mL) was then added into each well. After 3.5 hours, a microplate reader (Bio-Rad Laboratories Inc., USA) was used to detect the absorbance at 495 nm to determine cell viability according to the manufacturer.
Cellular uptake of CPV-VLPs-QDs 
Results
Expression and assembly of CPV-VLPs
To obtain the CPV-VLPs, the expression and purification of the CPV-VP2 proteins that selfassemble into VLPs were performed as described in previous literature [48] . The recombinant CPV-VP2 proteins were verified with SDS-PAGE (Fig 2a) and western blot (Fig 2b) after digestion with or without SUMO-enzyme, respectively. Fig 2 shows that the molecular weight of CPV VP2 protein was approximately 65 kDa, which was consistent with its actual size.
Modification of QDs using 3-mercaptopropionic acid
To enhance the water-solublility of QDs, namely, transforming QDs from organic solution into water-soluble solutions, which is challenge for medical application of QDs. The simplest method is surface modification, i.e., adding hydrophilic groups on the molecular surface to form watersoluble QDs with excellent dispersibility [49] . In the present study, MPA was used to modify QDs according to the protocol described in the Modification of QDs by MPA. The modified QDs can disperse in the water evenly, and the solution is clear and transparent (data not shown).
The initial concentration of the modified QDs was 8 mmol/mL. To confirm that QDs surface was negatively charged after modification with MPA, the MPA-QDs was detected using agarose gel electrophoresis after the verification of charge properties using Malvern Zeta sizer-Nano ZS90 (Fig 3a) . Fig 3b shows that the modified QDs moved toward the anode in the electric field, whereas the unmodified QDs did not move and just remained in the sample loading pool. Combined with the result in Fig 3a, MPA modification results in negatively charged surfaces of QDs. To confirm that MPA did not affect the fluorescent property of QDs, UV-vis was used to detect the absorbance of QDs. As shown in Fig 3c, the specific absorbance of QDs is consistent with MPA-modified QDs, which suggested that MPA did not affect the fluorescent property of QDs.
Optimization of ratio CPV-VLPs to QDs
To ensure that VLPs encapsulated the QDs, the encapsulation ratio of QDs to CPV-VLPs under different concentrations was explored (Fig 4) . As shown in Fig 4a and 4b , the particle size and absorbance property changed with the ratio of VLPs to QDs, which showed that the particle size increased with the quantity of QDs. Similarly, the absorbance of CPV-VLPs-QDs deviated from the specific absorbance curve of QDs. Combined with the results in Fig 4a and 4b, especially the TEM pictures, the ratio of VLPs to QDs 500:100 (v/v) was shown to be optimal. Therefore, the ratio of VLPs to QDs 500:100 was selected as the optimal ratio for all subsequent experiments.
In addition, the EE of QDs in CPV-VLPs was calculated from the QDs concentration. The QDs concentration in complex of ratio 500:100 (v/v) was determined according to the standard curve plotted with the help of known concentrations. EE was calculated using the following formula. Under this ratio of 500:100 (v/v), the EE was approximately 17%; the concentration of QDs in CPV-VLPs-QDs was approximately 1.36 mmol/mL.
EE ¼
Total concentration of QDs À The concentration of QDs in the bag after overnight dialysis CPV À VP2 concentration Â 100%
Confirmation of CPV-VLPs-QDs complex
To further confirm the encapsulation of QDs in CPV-VLPs, the CPV-VLPs-QDs were detected using fluorescent spectrometry, DLS analyses, gel electrophoresis, and TEM. In Fig 5a, the absorbance of CPV-VLPs-QDs showed a similar peak as that of VLPs, which suggested that VLPs is one of the complex components. Moreover, DLS analyses showed that the particle size of CPV-VLPs is approximately 20 nm, which is similar to that of the native virus. However, the size of CPV-VLPs-QDs is more than 20 nm (Fig 5b) , possible explanations for the bigger size of CPV-VLPs-QDs may be that the MPA chains on QDs might stretch the holes of CPV VLPs. As expected, most CPV-VLPs-QDs were still in the wells, but the modified QDs moved toward the anode in the electric field after gel electrophoresis and observation under the UV lamp (Fig  5c) . This phenomenon suggests that the QDs were encapsulated into the VLPs and the CPV-VLPs-QDs cannot move as quickly as MPA-QDs, which also confirmed the formation of CPV-VLPs-QDs. To further confirm the CPV-VLPs-QDs visually, the different nanoparticles were observed using TEM. As shown in Fig 5d after digestion through Sumo-specific protease overnight, the VP2 protein was successfully self-assembled in the buffer to form CPV-VLPs, the size of CPV-VLPs is approximately 20 nm which is consistent with the result of DLS. However, the CPV-VLPs-QDs (Fig 5e) is larger than CPV-VLPs in the TEM picture and several MPA-QDs in the VLPs can be observed in the magnified picture. The MPA-modified QDs are shown in Fig 5f. Thus, Fig 5 indicated that VLPs can be assembled and encapsulated the QDs to form the CPV-VLPs-QDs complex.
Stability of CPV-VLPs-QDs
The stability of CPV-VLPs-QDs in mimic physiological environment was determined by dialysis. CPV-VLPs-QDs were added into the dialysis bag with different pH value (pH 7.0 or pH 8.0) at 4°C. The fluorescence intensity was detected at different times of dialysis. Release kinetics curve of the QDs was calculated based on the standard curve. The initial concentration of QDs minus the concentration of QDs in the buffer at different time points is the concentration of QDs in CPV-VLPs-QDs. As shown in Fig 6, the complex was relatively stable and only 50% of QDs were released after approximately 48 hours under a neutral environment. However, the QDs in weak alkaline solution was released quicker, compared with CPV-VLPs-QDs in neutral solution, which indicates that the CPV-VLPs-QDs complex is not stable in alkaline environment, but could be stable in normal physiological environment.
Cytotoxicity of CPV-VLPs-QDs
To determine whether the VLPs decreased the cytotoxicity of QDs, the CPV-VLPs-QDs complex (at 20, 40, 60, 80, and 100 μmol/mL) was added in the F81, Hela, and BHK-21 cells, respectively. Cell viability was detected using MTS solution after a 24 hours treatment with MPA-QDs and CPV-VLPs-QDs complex. As shown in Fig 7, MPA-QDs had higher cytotoxicity on three cell lines compared with CPV-VLPs-QDs. The MPA-QDs IC50 values were 49, 40, and 41 μmol/mL against BHK-21, F81, and Hela cells, respectively. The CPV-VLPs-QDs IC50 values were 282, 98, and 122 μmol/mL against BHK-21, F81, and Hela cells (Microcal Origin 8.5 software). The cell viability of BHK-21 decreased more slowly than those of the F81 or Hela cells that were treated with CPV-VLPs-QDs. When the concentration exceeded a threshold for imaging (60 μmol/mL), the cytotoxicity of CPV-VLPs-QDs on F81 and Hela cells was stronger than that on BHK-21 cells. Previous studies indicate that CPV-VLPs have a strong capacity in targeting the transferrin receptor-positive cells [50] . Therefore, these studies established that F81 and Hela cells could absorb more CPV-VLPs-QDs, and the cytotoxicity of QDs could have main functions in cell viability. (Fig 8b) . The specific fluorescent intensity of QDs and FITC in F81 cells are highest than that of Hela and BHK-21 cells. These observations indicate that CPV VLPs maintain the ability to enter transferrin receptor-positive cells.
Cell-targeted labeling
Discussion
In this study, CPV-VLPs that assembled using VP2 proteins were used to encapsulate QDs in vitro. The formation of CPV-VLPs-QDs is correlated with many factors. Therefore, the CPV-VLPs-QDs complex was detected at different ratios of VLPs to QDs to maximize the encapsulation efficiency of MPA-QDs. With the increase of QDs concentration, the particle size of CPV-VLPs-QDs gradually increased. When the ratio of VLPs:QDs exceeded 500:500 (v/ v), and the particle size increased significantly because of VP2 protein aggregation. The optimal concentration ratio of 500:100 (VLPs: QDs, v/v) was adopted, under which the concentration of encapsulated QDs was approximately 1.36 mmol/mL.
The stability test in vitro indicated that the CPV-VLPs-QDs were stable in the condition similar to in cells, which is consistent with other VLPs, such as cowpea mosaic virus, SV40, CCMV, brome mosaic virus, and MS2. In addition, cytotoxicity of CPV-VLPs-QDs showed that CPV-VLPs significantly decreased the toxicity of QDs particles, which confirmed the high biocompatibility of CPV-VLPs and extended the application field of QDs. Therefore, CPV-VLPs-QDs may be utilized for the imaging of live cells, as well as in vivo imaging, the present study indicated that encapsulation using CPV-VLPs reduces the toxic effects of QDs, which could be attributed to the fact that encapsulation prevented QDs from having direct contact to cells and thereby delaying the release of toxic ions from QDs.
In addition, previous experiments confirmed that CPV-VLPs can enter cells via the same pathway as that of the native CPV virion; the major pathway is receptor-mediated cell endocytosis [37] [38] [39] . Encapsulation using CPV-VLPs not only resulted in increasing the single QDs biocompatibility but also improved the targeted ability with respect to specific recognition of transferrin receptors. In this study, we have designed and evaluated a method that could encapsulate QDs into CPV-VLPs in vitro. Although further improvement may be needed, the approach of QDs-encapsulation established may facilitate the application of QDs in biological imaging, especially in the targeted imaging of cancer diagnosis. This encapsulation method promotes the feasibility of QDs as receptor-targeted nanoparticles in biological medical field. Moreover, other hydrophobic drugs (paclitaxel), inorganic particles (e.g., QDs), and magnetic particles could also be effectively encapsulated in the internal cavities of CPV-VLPs, which will widen the biological application of CPV-VLPs as carriers.
In conclusion, the CPV-VLPs assembled by CPV-VP2 capsid protein, which expressed in different expression systems can be used to achieve tumor-specific delivery by natural affinity of transferrin receptors [37, 39, 51] . Thus, the CPV-VLPs can be a candidate to modify different nanoparticles and achieve the targeting delivery. 
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